Background {#Sec1}
==========

Radiotherapy has become an essential treatment for cancer patients. However, the use of radiotherapy will cause injury to normal tissues while it affects cancerous tissues. The bone is the most commonly irradiated normal tissue, and radiotherapy increases the risk of osteoporosis and fracture in cancer patients \[[@CR1]--[@CR3]\]. Irradiation-induced fractures are common and clinically significant, especially in patients undergoing radiation therapy in the pelvic region, and pelvic fractures are an important cause of disability and death in the elderly \[[@CR4], [@CR5]\]. However, the mechanisms of radiation-induced bone loss are not completely understood.

Numerous studies have demonstrated that exposure to radiation leads to bone loss by affecting the survival and differentiation potential of bone marrow mesenchymal stem cells (BM-MSCs) \[[@CR6]--[@CR8]\]. Radiation causes DNA damage, chromosomal aberrations, increased reactive oxygen species, and cell senescence on BM-MSCs, hindering the capacity of BM-MSCs to proliferate \[[@CR9]--[@CR11]\]. In addition, following irradiation, BM-MSCs preferentially differentiate into adipocytes rather than osteoblasts, which ultimately leads to fat accumulation and bone loss \[[@CR12], [@CR13]\]. Given that BM-MSCs play an important role in maintaining bone homeostasis, altered proliferation and differentiation of BM-MSCs is one main cause of radiation-induced bone loss \[[@CR14], [@CR15]\]. Therefore, we seek to understand how to reduce the damage to BM-MSCs and restore their differentiation ability to alleviate radiation-induced bone loss.

Mesenchymal stem cell transplantation (MSCT) has been used to treat a variety of human diseases \[[@CR16]--[@CR18]\] and is an effective treatment for osteoporosis in an animal model \[[@CR19]--[@CR21]\]. Studies have demonstrated that MSCT ameliorates osteoporosis by recovering the function of recipient BM-MSCs. Although MSCT exhibits great potential in the treatment of various diseases, defects and risks still exist, such as storage difficulties, immune rejection, and carcinogenic risk \[[@CR19], [@CR22]\]. A recent study indicates that MSCT works via secretion of paracrine factors rather than direct homing to injured tissues \[[@CR24]\]. Exosomes are specific secretory vesicles involved in the paracrine effects of MSCs, and studies have demonstrated that the exosomes play a repairing role to the same extent as MSCT \[[@CR23], [@CR25]\]. Compared with MSC transplantation, exosome therapy is a better choice given its improved safety, reduced immune rejection, and easier storage, delivery, and management \[[@CR24]\].

Exosomes, a component of paracrine secretion, are vesicles with a bilayer membrane structure that is 40--100 nm in diameter that contain functional mRNA, microRNA, and proteins that exhibit cytoprotective effects to enhance tissue repair \[[@CR26]\]. Various researchers have confirmed that MSC-derived exosomes exhibit protective activity and are effective in animal models of myocardial infarction \[[@CR27]\], liver failure \[[@CR28]\], and ischemic/reperfusion injury \[[@CR29]\]. In addition, exosome transplantation has also proven to be effective in the treatment of bone loss-related diseases \[[@CR30]--[@CR32]\]. However, whether BM-MSC-derived exosomes could reduce radiation-induced bone loss remains unknown.

In this study, we demonstrate that MSCT and BM-MSC-derived exosome transplantation could rescue bone loss of rats following irradiation, and exosomes can alleviate radiation-induced damage to BM-MSCs. We also found that exosomes could restore the balance of adipogenesis and osteogenesis of irradiated BM-MSCs by activating the Wnt/β-catenin pathway.

Materials and methods {#Sec2}
=====================

Animals {#Sec3}
-------

All animal studies were conducted in accordance with the ethical standards set by the Declaration of Helsinki and approved by the Laboratory Animal Welfare and Ethics Committee Of the Third Military Medical University. Three-month-old female Sprague-Dawley rats (Tengxin Biotechnology Co. Ltd., Chongqing, China) were randomized into five groups (*n* = 6): day 0 group, rats with no treatment and sacrificed on day 0; day 28 group, rats with no treatment and sacrificed on day 28; R day 28 group, rats received 16 Gy irradiation on day 0 and sacrificed on day 28; R+MSCT day 28 group, rats received 16 Gy irradiation and MSC transplantation and sacrificed on day 28; and R+Ex day 28 group, rats received 16 Gy irradiation and exosome transplantation and sacrificed on day 28. Rats received a total of 16 Gy radiation on day 0 to the knee joint region of the left hind limb using Co-60 (Additional file [1](#MOESM1){ref-type="media"}: Figure S1). The radiation rate was 0.56 Gy/min (Radiation Center, Army Medical University). After irradiation, the R+MSCT group immediately received an MSC transplantation (1 × 10^6^ cells), and the R+Ex group received an exosome transplantation (1.6 mg/kg) through the tail vein (suspended in 400 μl PBS). On day 28, the tibiae were harvested for micro-CT and histomorphometric analysis.

Micro-CT and bone mineral density analysis {#Sec4}
------------------------------------------

Rat tibiae were imaged using a computerized tomography (micro-CT) (VivaCT40; Scanco Medical, Switzerland) with a resolution of 10.2 μm (Additional file [1](#MOESM1){ref-type="media"}). To analyze the trabecular bone of tibial metaphysis, a region below the growth plate from 2.0 to 4.0 mm was used for quantification (cortical bone was not included). The morphology of the trabecular bone in the tibial metaphysis was measured using Analyze 12.0 (registered, Center of Biomedical Analysis, Third Military Medical University). Bone mineral density (BMD), bone volume to total tissue volume ratio (BV/TV), connective density (Conn.D), trabecular number (Tb.N), and trabecular thickness (Tb.Th) were assessed.

Isolation and culture of rat BM-MSCs {#Sec5}
------------------------------------

Sprague-Dawley rats (80 g, female) were sacrificed by cervical dislocation, and femurs and tibias were separated from hind limbs. The ends of the femur or tibia were removed, and the bone marrow was flushed out with 1 ml DMEM/F12 medium. The bone marrow was repeatedly washed to generate a single-cell suspension that was centrifuged at 1000 rpm for 5 min. The supernatant was removed, and cells were washed with DMEM/F12 and centrifuged for an additional 5 min. Finally, the supernatant was removed, and cells were resuspended in DMEM/F12 medium containing 10% fetal bovine serum (FBS) and 1% penicillin-streptomycin. Cells isolated from one hind limb were plated in a 25-cm^2^ dish and incubated at 37 °C with 5% CO2, which was defined as passage 0 (P0). After 24 h, cells were washed with PBS twice to remove non-adherent cells. When cell confluency was greater than 90%, the cells were secondarily cultured, and the passage number was increased by one. Cells from passages 2 and 3 were used to collect exosomes.

Isolation and characterization of exosomes {#Sec6}
------------------------------------------

Isolation and purification of exosomes involved several centrifugation and ultracentrifugation (Himac cp80wx/P70A-980, Hitachi Limited, Tokyo, Japan) steps as described previously \[[@CR33]--[@CR35]\]. Briefly, exosomes from bovine were removed by ultracentrifugation at 100,000 × *g* at 4 °C for 16 h to generate exosome-free serum. P2 or P3 BM-MSCs were cultured in exosome-free medium. Then, the supernatant was collected after 48 h. To isolate and purify exosomes, the medium was centrifuged at 300 × *g* for 15 min and 2000 × *g* for 15 min to remove cells and cell debris. Then, the supernatant was transferred to a 35-ml ultracentrifuge tube and ultracentrifuged at 4 °C for 70 min at a speed of 100,000 × *g*. After the first ultracentrifugation, each tube was washed with 5 ml PBS and then filtered through a 0.22-μm membrane filter. Then, the exosomes were collected by another 100,000 × *g* ultracentrifugation for 70 min at 4 °C. The final pellet (obtained from approximately 500 ml medium) was resuspended in 200 μl PBS and stored at − 80 °C. The protein concentration of the collected exosomes was measured using a BCA protein assay kit (Beyotime, China). The collected exosomes were dehydrated in absolute ethanol for 10 min and collected on a carbon-stable Format grid. The gate was compared with 1% phosphotungstic acid for 1 min, then the air-dried exosome-containing grids were observed by transmission electron microscopy (JEM-1400PLUS, Japan) at 100 KV.

Labeling and tracking of exosomes in BM-MSCs {#Sec7}
--------------------------------------------

Labeling and tracking of exosomes in BM-MSCs was performed as described previously \[[@CR33]\]. According to the manufacturer's protocol, BM-MSCs and exosomes were labeled with CM-Dio(3,3′-dioctadecyloxacarbocyanine perchlorate) and CM-DiI(1,1′-dioctadecyl-3,3,3′,3′-tetramethylindocarbocyanine perchlorate) (Beyotime Biotechnology, Haimen, China), respectively, and then cultured in the dark at 37 °C for 30 min. To remove unbound dye, exosomes and BM-MSCs were washed with PBS and then centrifuged at 100,000 × *g* at 4 °C for 70 min and 800 × *g* at room temperature for 5 min, respectively. Finally, exosomes and BM-MSCs were mixed together and incubated at 37 °C for 24 h. The uptake of exosomes was observed by fluorescence microscopy (Leica, Weltzlar, Germany), and images were analyzed using Leica Application Suite Advanced Fluorescence (LAS AF) software.

Irradiation of cells {#Sec8}
--------------------

When passage 3 BM-MSCs reached 80--90% confluency, they were divided into three groups: control group, BM-MSCs not exposed to irradiation; 6 Gy group, BM-MSCs receive 6 Gy irradiation; 6 Gy+Ex group, BM-MSCs receive 6 Gy irradiation and cocultured with exosomes immediately (100 μg/ml). BM-MSCs were incubated at 37 °C with 5% CO2 for a specified time, and cells were collected or used for other experiments. The irradiation was performed using a Co-60 irradiator at a rate of 0.56 Gy/min (Radiation Center, Army Medical University).

Colony formation assay {#Sec9}
----------------------

BM-MSCs were seeded in six-well plates (1 × 10^4^ cells per well). After 14 days, cells were washed with PBS twice and fixed with 4% formaldehyde at room temperature for 20 min. Cells were stained with 2% crystal violet for 10 min, and then, the unconjugated dyes were removed. A stained colony composed of 50 or more cells were counted as a colony-forming unit (CFU).

SA-β-gal staining {#Sec10}
-----------------

SA-β-gal staining was performed using an SA-β-gal staining kit (Beyotime Biotechnology, Haimen, China) according to the manufacturer's protocol. Briefly, cells were incubated at 37 °C with 5% CO^2^ for 24 h after irradiation, then cells were seeded in 12-well plates (5 × 10^3^ cells per well) for an additional 24 h. Cells were washed with PBS twice and fixed with 4% formaldehyde at room temperature for 20 min. Then, cells were stained with X-gal solution for 24 h at 37 °C (no CO^2^). SA-β-gal-positive cells were observed using a light microscope (Leica, Weltzlar, Germany), and the percentage of positive cells in ten random fields was calculated. The results are expressed as the mean of triplicates with SD.

Immunofluorescence {#Sec11}
------------------

After treatment, cells were fixed with 4% formaldehyde for 20 min at room temperature. Cells were permeabilized by Triton X-100 and subjected to goat serum blocking (Beyotime Biotechnology, Haimen, China). Cells were then incubated with primary antibodies against γ-H2AX (1:100 dilution) (Santa Cruz, CA, USA) and β-catenin (1:200 dilution) (Beyotime Biotechnology, Haimen, China) overnight at 4 °C. Cells were rinsed with PBS twice and then incubated in the dark with respective secondary antibodies for 60 min and DAPI for 5 min (Beyotime Biotechnology, Haimen, China). Using a fluorescence microscope (Leica, Weltzlar, Germany), the number of γ-H2AX foci per cell was quantified. Then, β-catenin fluorescence was measured by laser confocal microscopy (Olympus, Tokyo, Japan).

Detection of reactive oxygen species (ROS) {#Sec12}
------------------------------------------

Production cellular ROS was measured utilizing a Reactive Oxygen Species Assay kit (Beyotime Biotechnology, Haimen, China) according to the manufacturer's instructions. Briefly, cells were seeded in a six-well plate (1 × 10^5^/well) and exposed to different treatments. The cells were washed with PBS twice and incubated with 2′,7′-dichlorodihydrofluorescein diacetate (DCF-DA) (10 μM) for 30 min at 37 °C. Then, the medium was removed, and cells were washed with PBS. Cells were collected, and the fluorescence intensity of each sample was examined by flow cytometry (Additional file [2](#MOESM2){ref-type="media"}). Similarly, intracellular ROS fluorescence was observed using a fluorescence microscope (Leica, Weltzlar, Germany).

Quantitative real-time PCR {#Sec13}
--------------------------

Total RNA was extracted using the Trizol reagent (Invitrogen, Carlsbad, CA, USA) according to the manufacturer's instructions. First-strand cDNA was synthesized from 2 μg of RNA using the PrimeScript RT Master Mix Kit (Takara Bio, Shiga, Japan). qPCR was performed in triplicate in 10-μl reactions containing SYBR Premix Ex Taq II (Takara Bio, Shiga, Japan). The reaction protocol was as follows: heating at 95 °C for 5 min followed by 40 rounds of amplification (30 s at 95 °C, 30 s at 59 °C, and 30 s at 72 °C). The expression of each gene was normalized to β-actin expression.

RT-PCR primers were as follows: β-actin: 5′-GCAGATGTGGATCAGCAAGC-3′, 3′-AGAAAGGGTGTAAAACGCAGC-5′; Ctnnb1 (β-catenin): 5′-ACTCCAGGAATGAAGGCGTG-3′, 3′-GAACTGGTCAGCTCAACCGA-5′; Ebf1: 5′-AGGGCTAGGAGGCTTGACC-3′, 3′-CCGTCGTCCATCCTTCACTC-5′; OPG: 5′-TGTCCCTTGCCCTGACTACT-3′, 3′-CACATTCGCACACTCGGTTG-5′; PPARγ: 5′-TGTTATGGGTGAAACTCTGGGA-3′, 3′-TAGGCAGTGCATCAGCGAAG-5′; RUNX2: 5′-CCTTCCCTCCGAGACCCTAA-3′, 3′-ATGGCTGCTCCCTTCTGAAC-5′.

Western blotting analysis {#Sec14}
-------------------------

Cells were harvested and lysed in Western and IP buffer (Beyotime Biotechnology, Haimen, China), and total protein concentrations were determined using the BCA Protein Assay Kit (Beyotime Biotechnology, Haimen, China). Equal amounts of cell lysates were loaded and separated on a 12% SDS-PAGE gel and transferred to 0.22-μm PVDF membranes (Millipore Billerica, MA, USA). The membranes were blocked with QuickBlock™ Blocking Buffer (Beyotime Biotechnology, Haimen, China) for 15 min at room temperature and then incubated with primary antibodies overnight at 4 °C. Then, membranes were incubated with HRP-conjugated secondary antibodies for 1 h at room temperature.

The following primary antibodies were used for blotting. Mouse antibodies against p21, p16, p53, Rb, Runx2, PPARγ, γ-H2AX, CD63, Tsg101, and CD81 were purchased from Santa Cruz Biotechnology (Santa Cruz, CA, USA). Mouse antibodies against β-actin and rabbit antibodies against β-catenin were purchased from Beyotime Biotechnology (Beyotime Biotechnology, Haimen, China). Rabbit antibodies against calnexin, SOD1, SOD2, and catalase were purchased from Abcam (Abcam, Cambridge, UK). The specific information of antibodies is listed in Table S1.

Osteogenic and adipogenic differentiation {#Sec15}
-----------------------------------------

To induce differentiation, cells were seeded in 12-well plates. When cell confluency reached 60--70%, the cells were incubated with rat mesenchymal stem cell osteogenic differentiation medium (Cyagen Biosciences, Guangzhou, China) for 14 days or adipogenic differentiation medium for 15 days. After the induction of differentiation, cells were fixed with 4% formaldehyde for 20 min at room temperature. Cells were washed with PBS twice and stained with alizarin red S or Oil red O for 30 min. The stained cultures were visualized under a light microscope (Leica, Weltzlar, Germany).

Histology and immunohistochemistry {#Sec16}
----------------------------------

Left rat tibiae were fixed in 4% formaldehyde for 24 h and decalcified for 21 days with 10% EDTA. Then, the tibiae were embedded in paraffin and sectioned coronally at a thickness of 4 μm. The sections were stained with hematoxylin and eosin (H&E). For immunohistochemistry staining, the endogenous peroxidase activity of the sections was quenched using 2.5% (*v*/*v*) hydrogen peroxide in distilled water and then performing pepsin-mediated antigen retrieval (ZSGB-BIO, Beijing, China). After blocking with goat serum, the sections were incubated with primary antibodies against β-catenin (1:200 dilution) overnight at 4 °C. The sections were then incubated with HRP-conjugated secondary antibodies at room temperature. The immunoreactive signals were detected with a DAB Kit (ZSGB-BIO, Beijing, China). Images were obtained with a light microscope (Leica, Weltzlar, Germany).

Results {#Sec17}
=======

Identification of exosomes and uptake by BM-MSCs {#Sec18}
------------------------------------------------

Stem cell surface markers, morphology and multipotency of BM-MSCs were measured (Additional file [2](#MOESM2){ref-type="media"}: Figure S2). Exosomes isolated from BM-MSCs were identified by Western blot and transmission electron microscopy. Western blot showed that exosomes highly expressed exosome-positive markers CD63, CD81, and Tsg101, but did not express calnexin, a negative marker of exosomes (Fig. [1](#Fig1){ref-type="fig"}a). Under transmission electron microscopy, the exosomes were round or oval with a diameter of approximately 40--100 nm and a bilayer membrane structure (Fig. [1](#Fig1){ref-type="fig"}b). To observe the uptake of the exosomes by BM-MSCs, BM-MSCs and exosomes were labeled with fluorescent carbocyanine dyes CM-Dio (green) and CM-Dil (red), respectively. After 24 h of coincubation, we observed the distribution of exosomes in BM-MSCs using a fluorescence microscope, suggesting that the exosomes were successfully absorbed by BM-MSCs (Fig. [1](#Fig1){ref-type="fig"}c).Fig. 1Identification of exosomes and uptake of exosomes by BM-MSCs. **a** Western blot analyses of exosomal markers CD63, CD81, Tsg101, and negative protein calnexin in BM-MSC lysates and BM-MSC-derived exosomes. **b** Characterization of BM-MSC-derived exosomes by transmission electron microscopy. PBS was used as control. Exosomes were round or oval with a diameter of approximately 40--100 nm. Scale bar = 200 nm. **c** Uptake of CM-DiI (red)-labeled exosomes in CM-DiO (green)-labeled BM-MSCs were observed using a fluorescence microscope after 24 h. Abbreviations: PBS, phosphate-buffered saline; BM-MSCs, bone marrow mesenchymal stem cells

BM-MSC and exosome transplantation alleviate bone loss induced by irradiation {#Sec19}
-----------------------------------------------------------------------------

To simulate clinical radiotherapy, 3-month-old female rats were irradiated with a 16-Gy dose on the left knee. To prevent irradiating other parts, we used lead bricks to block the other areas of rats. After irradiation, rats were divided into five groups (*n* = 6). MSCs and exosomes were transplanted immediately in the R+MSCT and R+Ex groups, respectively. Unlike human beings, the growth plate of the rat does not close in adulthood, so we used it as a reference object for measuring bone histomorphometry parameters. On day 28 after irradiation, the tibiae were harvested for micro-CT and histomorphometric analysis. HE staining revealed a significant decrease in bone volume and trabecular number in the R group but an increase in marrow adiposity (Fig. [2](#Fig2){ref-type="fig"}a). However, the R+MSCT and R+Ex group exhibited remarkable improvement, and similar results were observed by 3D reconstruction of CT scan (Fig. [2](#Fig2){ref-type="fig"}b). These findings indicate that radiation can shift the bone remodeling balance to activate resorption, and MSC or exosome transplantation can alleviate radiation-induced bone loss. To quantify these changes, we used Analyze 12.0 software for bone microarchitecture analysis. As shown in Fig. [2](#Fig2){ref-type="fig"}c, bone volume fraction (BV/TV) in the day 28 group increased by approximately 67.6% compared with that in the day 0 group. In contrast, values in the R group decreased by approximately 30.9%. However, in the R+MSCT and R+Ex groups, BV/TV increased by 53% and 13%, respectively, and the difference was statistically significant compared with the R group. In the comparison of BMD, the data of each group were also significantly different. In the comparison of trabecular number (Tb.N), trabecular thickness (Tb.Th), and connective density (Conn.D), values in the R group decreased significantly compared with those in the day 28 group. However, values in the R+MSCT and R+Ex groups were not significantly increased or even decreased compared with those in the day 0 group. However, these values were significantly improved compared with those of the R group, and many data exhibited significant differences (Fig. [2](#Fig2){ref-type="fig"}c).Fig. 2BM-MSC and exosome transplantation alleviates bone loss induced by irradiation. **a** HE staining of rat left tibia in each group. **b** 3D micro-CT image of the target region (a region below the growth plate from 2.0 to 4.0 mm). **c** Bone microarchitecture analysis of target region in the proximal of left tibia. Abbreviations: BV/TV, bone volume to total tissue volume ratio; BMD, bone mineral density; Conn. D, connective density; Tb. N, trabecular number; Tb. Th, trabecular thickness. Data represent the mean ± SD (*n* = 5 independent experiments, *t* test).\**p* \< 0.05, \*\**p* \< 0.01, \*\*\**p* \< 0.001, \*\*\*\**p* \< 0.0001. Abbreviations: day 0, rats with no treatment and sacrificed on day 0; day 28, rats with no treatment and sacrificed on day 28; R day 28, rats received 16 Gy irradiation on day 0 and sacrificed on day 28; R+MSCT day28, rats received 16 Gy irradiation and MSC transplantation and sacrificed on day 28; R+Ex day 28, rats received 16 Gy irradiation and exosome transplantation and sacrificed on day 28

Exosomes alleviate radiation-induced oxidative stress in BM-MSCs {#Sec20}
----------------------------------------------------------------

Following irradiation, increased reactive oxygen species in the mesenchymal stem cells can cause cell damage. MSC-derived exosomes reduce intracellular reactive oxygen species (ROS) to protect cells from damage both in vivo and in vitro. Therefore, we hypothesized that exosomes could reduce cellular damage by reducing reactive oxygen species after irradiation. To test this hypothesis, we assessed reactive oxygen species using DCF-DA 24 h after exosome and BM-MSC coincubation. Under fluorescence microscopy, reactive oxygen species in irradiated BM-MSCs decreased significantly after coincubation with exosomes (Fig. [3](#Fig3){ref-type="fig"}a). Further measurements of reactive oxygen species by flow cytometry revealed that DCF fluorescence in BM-MSCs decreased significantly after exosome treatment (Fig. [3](#Fig3){ref-type="fig"}b, c). Then, we used Western blot to detect the expression of antioxidant-related proteins. We found that the expression of antioxidant proteins, such as catalase, SOD1, and SOD2, increased after coincubation with exosomes at 12 h and 24 h. These results suggest that coincubation with exosomes can enhance the antioxidant capacity of irradiated BM-MSCs (Fig. [3](#Fig3){ref-type="fig"}d).Fig. 3Exosomes alleviate radiation-induced oxidative stress in BM-MSCs. **a** ROS production in irradiated and exosomes cocultured with BM-MSCs were detected by DCF fluorescence after 24 h. **b** ROS levels were assessed by DCF fluorescence intensity via flow cytometry. Relative DCF fluorescent values revealed reduced ROS production in exosomes cocultured with BM-MSCs. **c** Quantitative analysis of fluorescence intensity. Data are presented as the mean ± SD. \*\**p* \< 0.01. **d** Western blot analysis of antioxidant protein catalase, SOD2, and SOD1. Abbreviations: 6 Gy, BM-MSCs received 6 Gy gamma irradiation; 6 Gy+Ex, BM-MSCs received 6 Gy gamma irradiation then cocultured with 100 μg/ml exosomes

Exosomes accelerate DNA repair in BM-MSCs after irradiation {#Sec21}
-----------------------------------------------------------

Another major form of damage to cells caused by irradiation is the DNA double-strand break (DSB), which will lead to cell senescence and mitotic catastrophe if the damage is misrepaired. γ-H2AX, which is also known as the phosphorylated histone H2A variant, is an important protein marker for detecting DSB. To verify whether exosomes can accelerate DNA damage repair following irradiation, we used immunofluorescence and Western blot to detect γ-H2AX. We found that the expression of γ-H2AX in BM-MSCs increased rapidly after irradiation, peaked at approximately 2 h, gradually decreased after 4 h, and was almost not detected after 12 h (Fig. [4](#Fig4){ref-type="fig"}a, b). Compared with irradiation alone, γ-H2AX expression in BM-MSCs co-incubated with exosomes was reduced at all time points, and the difference in γ-H2AX foci per cell was statistically significant (Fig. [4](#Fig4){ref-type="fig"}a, b). In addition, the expression levels of γ-H2AX in BM-MSCs decreased significantly at 4 and 8 h after coculture with exosomes (Fig. [4](#Fig4){ref-type="fig"}c). These results provide evidence that exosomes can effectively promote DNA damage repair in BM-MSCs after irradiation.Fig. 4Exosomes accelerate DNA repair in BM-MSCs after irradiation. **a** Immunofluorescence staining of γ-H2AX in BM-MSCs after irradiation cocultured with PBS or exosomes at different time points. **b** Quantitative analysis of γ-H2AX foci per cell. The data are presented as the mean ± SD. \**p* \< 0.05, \*\**p* \< 0.01. **c** Western blot analysis of γ-H2AX

Exosomes rescued the inhibition of proliferation and decreased the senescence-associated protein expression in BM-MSCs after irradiation {#Sec22}
----------------------------------------------------------------------------------------------------------------------------------------

Given that exosomes can promote the DNA damage repair of BM-MSCs after irradiation, exosomes may also reverse cell proliferation inhibition and alleviate cell senescence. To verify this hypothesis, we cocultured irradiated BM-MSCs with exosomes for 24 h, seeded cells into six-well plates (1 × 10^4^ cells per well), and cultured cells for 14 days. Stained colonies of 50 or more cells were counted as a colony-forming unit (CFU). We found that after 6 Gy irradiation, no colonies formed in the 6 Gy group. Although the CFU number was still reduced compared with the control group, the CFU number in the 6 Gy+Ex group was significantly increased compared with that in the 6 Gy group, and the difference was statistically significant (Fig. [5](#Fig5){ref-type="fig"}a, b). In addition, Western blot also demonstrated that after being cocultured with exosomes, the expression of aging-related proteins, including Rb, p53, p21, and p16, was decreased at 12 and 24 h compared with BM-MSCs that were only irradiated (Fig. [5](#Fig5){ref-type="fig"}c). SA-β-gal staining was highly consistent with these results (Fig. [5](#Fig5){ref-type="fig"}d, e). Thus, coincubation with exosomes can decrease the senescence-associated protein expression and partially restore cell proliferation after irradiation.Fig. 5Exosomes rescued the inhibition of proliferation and decrease the senescence-associated protein expression of BM-MSCs after irradiation. **a** Colony-forming ability of BM-MSCs after irradiation. Colony formation was assessed by staining with crystal violet. **b** Quantitative analysis of colony-forming units. Data are presented as the mean ± SD (*n* = 3 independent experiments, *t* test). \*\*\**p* \< 0.001. **c** Western blot analysis of senescence-associated proteins, including Rb, P53, P21, and P16. **d** Percentage of SA-β-gal-positive cells under different treatments. Data are presented as the mean ± SD (*n* = 10 independent experiments, t test). \*\*\**p* \< 0.001. **e** Senescence-associated β-galactosidase (SA-β-gal) staining

Exosomes restored the differentiation potential of irradiated BM-MSCs {#Sec23}
---------------------------------------------------------------------

Irradiation can lead to apoptosis of osteoblasts and osteocytes, disrupt the differentiation potential of BM-MSCs, and eventually reduce bone mass. After irradiation, exosome transplantation reduced bone loss in the tibiae of rats, indicating that it can restore the balance between adipogenic and osteogenic differentiation of BM-MSCs. To test this hypothesis, we measured adipogenic- and osteogenic-related mRNA and protein expression in BM-MSCs 24 h after irradiation. The expression of adipogenesis-related mRNA PPARγ \[[@CR36]\] and Ebf1 \[[@CR37]\] and osteogenesis-related mRNA RUNX2 \[[@CR38]\] and OPG \[[@CR39]\] in the 6 Gy group increased after irradiation, but the proportion of adipogenesis-related mRNA increased to levels greater than that of osteogenesis-related mRNA (Fig. [6](#Fig6){ref-type="fig"}a). Compared with the 6 Gy group, adipogenesis-related mRNA in the 6 Gy+Ex group was significantly reduced, while osteogenesis-related mRNA increased. The differences were statistically significant (Fig. [6](#Fig6){ref-type="fig"}a). Similar results were noted for protein expression (Fig. [6](#Fig6){ref-type="fig"}b). Expression of mRNA and protein suggested that BM-MSCs start differentiation after irradiation, but the differentiation exhibits a tendency such that differentiation towards adipocytes exceeds that to osteoblasts.Fig. 6Exosomes restored the balance between adipogenic and osteogenic differentiation of irradiated BM-MSCs. **a** RT-PCR analyses of adipogenic and osteogenic genes, including PPARγ, Ebf1, Runx2, and OPG. Gene expression was normalized to β-actin and control. Data are presented as the mean ± SD (*n* = 3 independent experiments, *t* test). \**p* \< 0.05. **b** Western blot analysis of PPARγ and RUNX2. **c** BM-MSCs were stained with alizarin red after 14 days of osteogenic induction. **d** Western blot analysis of RUNX2 after 14 days of osteogenic induction. **e** BM-MSCs were stained with oil O after 15 days of adipogenic induction. **f** Western blot analysis of PPARγ after 15 days of adipogenic induction

To observe the effects of irradiation and exosomes on BM-MSC differentiation, cells were cultured in osteogenic or adipogenic differentiation medium. After 14 days of osteogenic induction, the 6 Gy+Ex group exhibited the highest proportion of calcium deposition, and the 6 Gy group also exhibited higher calcium deposition compared with the control group (Fig. [6](#Fig6){ref-type="fig"}c). In addition, Western blot analysis also showed the same trend in detecting the expression of Runx2 (Fig. [6](#Fig6){ref-type="fig"}d). However, after 15 days of adipogenic induction, the 6 Gy group exhibited the highest oil O staining (Fig. [6](#Fig6){ref-type="fig"}e). Although the 6 Gy+Ex group exhibited increased rates of oil staining compared with the control group, the levels are still considerably reduced compared with that of the 6 Gy group (Fig. [6](#Fig6){ref-type="fig"}e). Similar results were also been found in Western blot analysis of PPARγ (Fig. [6](#Fig6){ref-type="fig"}f). These results suggested that BM-MSCs start differentiation after radiation, but the differentiation tendency towards adipocytes exceeds that to osteoblasts, and coculture with exosomes could restore the differentiation potential of irradiated BM-MSCs.

Exosomes activate wnt/β-catenin pathway of BM-MSCs after irradiation {#Sec24}
--------------------------------------------------------------------

The Wnt/β-catenin pathway is a classical pathway involved in bone metabolism regulation. When activated, it can promote osteoblast precursor cells to transform into osteoblasts. We hypothesized that coculture with exosomes can activate the Wnt/β-catenin pathway of BM-MSCs after irradiation. We found that β-catenin mRNA and protein expression in the 6 Gy group was reduced compared with that in the control group, and the expression of β-catenin increased obviously in the 6 Gy+Ex group (Fig. [7](#Fig7){ref-type="fig"}a). Using immunofluorescence analysis, we also found that the fluorescence intensity of β-catenin in the 6 Gy+Ex group is obviously increased compared with that in the 6 Gy group (Fig. [7](#Fig7){ref-type="fig"}b). A similar result was also obtained in the immunohistochemistry analyses (Fig. [7](#Fig7){ref-type="fig"}c). These results indicate that after coculture with exosomes of irradiated BM-MSCs, the Wnt/β-catenin pathway was activated and promoted osteogenesis, thus reducing the decrease in bone mass induced by irradiation.Fig. 7Exosomes activate the wnt/β-catenin pathway of BM-MSCs after irradiation. **a** RT-PCR analyses of Ctnnb1. Data are presented as the mean ± SD (*n* = 3 independent experiments, *t* test). \**p* \< 0.05. **b** Western blot analysis of β-catenin. **c** Immunofluorescence staining of β-catenin in BM-MSCs. **d** Immunohistochemical analysis of β-catenin in rat left tibia. Scale bars, 100 μm

Discussion {#Sec25}
==========

Mesenchymal stem cell transplantation is effective in the treatment of various diseases, including cardiovascular diseases \[[@CR40], [@CR41]\], liver diseases \[[@CR42]\], and brain injury \[[@CR43]\], both in experimental and clinical research. The therapeutic effects of transplanted MSCs can be achieved by homing directly to injured tissues or secreting paracrine factors. Recently, MSC-derived extracellular vesicles (EVs), including exosomes and microvesicles (MVs), have been studied given their role in MSC-based cell therapy. Exosome/microvesicles contain mRNA, microRNA, and protein, which are involved in intercellular communication, cell signal transduction, and alterations in the metabolism of cells or tissues in the body over short or long distances \[[@CR24]\].

Recent studies have demonstrated that BM-MSC-derived exosomes play an important role in the treatment of bone loss-related diseases. Liu et al. \[[@CR22]\] reported that exosomes secreted from transplanted MSCs rescue the function of the osteoporotic phenotype of recipient BM-MSCs and improve osteopenia via epigenetic regulation. Furthermore, Liu et al. \[[@CR44]\] found that transplantation of MSC-derived exosomes exerts a preventive effect on osteonecrosis of the femoral head by promoting local angiogenesis and preventing bone loss. In this study, we established a radiation-induced bone injury model in the left tibiae of rats. After irradiation, we treated the rats differently, and we found that transplantation of MSC or exosomes could alleviate radiation-induced bone loss. Based on our results, we hypothesize that exosomes may have similar protective and repairing properties as MSC transplantation in radiation-induced bone loss. Compared with MSC transplantation, exosome therapy is preferable given the reduced immune responses, increased safety, and ease of storage, transportation, and management.

Mesenchymal stem cell damage is an important pathological mechanism of radiation-induced bone loss \[[@CR9], [@CR12], [@CR45]\]. Exposure to irradiation causes BM-MSCs to generate reactive oxygen species, and excessive ROS leads to DNA damage, such as DNA double-strand breaks (DSBs) \[[@CR9], [@CR12], [@CR45]\]. Therefore, clearing up reactive oxygen species and reducing DNA damage are potential treatments for irradiation-induced bone loss. Recent studies have demonstrated that MSCs-derived exosomes reduce oxidative stress and alleviate DNA damage. Yan et al. \[[@CR33]\] reported that MSC-derived exosomes promote hepatic oxidant injury through the delivery of GPX1. Lin et al. \[[@CR29]\] reported that adipose-derived MSC-derived exosomes could accelerate DNA repair and protect kidneys from ischemia-reperfusion injury. Our results demonstrated that BM-MSC-derived exosomes can reduce irradiation-induced oxidative stress and promote the expression of antioxidant protein. Furthermore, we also observed that BM-MSC-derived exosomes can alleviate irradiation-induced DNA damage as determined by γ-H2AX staining and Western blot.

Whether irradiation affects the viability of MSCs remains controversial, but many studies indicate that radiation can hinder the capacity of MSCs to proliferate and strongly increase cellular senescence. Danielle E Green et al. reported that irradiation exposure destroys bone marrow stem cell pools and hypothesized that stem cell pool recovery enables the prompt repair of the skeletal system and ultimately reduces the susceptibility to fractures. Moreover, radioresistant MSCs exhibited strong beta-galactosidase activity and increased the expression of cell cycle-dependent kinase inhibitor 2A (P16-IK4A) at late time points after 60-Gy doses of irradiation \[[@CR46], [@CR47]\]. The senescence induction of MSCs is mediated by retinoblastoma protein, RB, cyclin-dependent kinase inhibitor 1A(p21), and tumor suppressor p53 \[[@CR48], [@CR49]\]. Inhibition of proliferation and premature senescence of BM-MSCs induced by irradiation reduced functional and viable MSCs in bone marrow \[[@CR9]\]. As exosomes can reduce oxidative stress and alleviate DNA damage, we hypothesize that exosomes can also rescue the inhibition of proliferation and alleviate cellular senescence in BM-MSCs after irradiation. In this study, we found that BM-MSC-derived exosomes could partially rescue the inhibition of proliferation, as determined by CFU assays. We also found that BM-MSC-derived exosomes could alleviate cell senescence of BM-MSCs following irradiation, as detected by SA-β-gal staining and Western blotting.

Unlike BM-MSCs, osteocytes and osteoblasts are highly sensitive to radiation, and low doses of radiation can induce apoptosis \[[@CR50], [@CR51]\]. Unfortunately, following irradiation, BM-MSCs seem to preferentially differentiate into adipocytes rather than osteoblasts \[[@CR6], [@CR11]\]. As a result, the apoptotic osteocytes and osteoblasts cannot be replenished in a timely manner, which ultimately hinders proper bone formation and leads to bone loss-related diseases. Therefore, restoring the balance between adipogenic and osteogenic differentiation of irradiated BM-MSCs is the key to treat radiation-induced bone loss. To determine whether BM-MSC-derived exosomes can reconstruct the differentiation potential of radiated BM-MSCs, we examined the expression of mRNA and protein related to osteogenesis and adipogenesis in irradiated BM-MSCs. We found that irradiated BM-MSCs treated with exosomes exhibited reduced adipogenic gene expression and increased osteogenic gene expression compared with those treated with radiation only. In addition, we also observed that after induction of differentiation, irradiated BM-MSCs treated with exosomes exhibited reduced oil red staining and increased alizarin red s staining compared with those treated with radiation alone. These results demonstrated that BM-MSC-derived exosomes can restore the differentiation potential of irradiated BM-MSCs.

Wnt/beta-catenin signaling is a pivotal regulator of MSCs and plays an important role in adipogenic and osteogenic differentiation \[[@CR52]\]. Activation of Wnt/β-catenin signaling inhibits BM-MSCs from undergoing adipogenesis and promotes osteogenesis \[[@CR53], [@CR54]\]. β-Catenin is the downstream of Wnt proteins, and recent studies have reported that exosomes and extracellular vesicles carry Wnt proteins to induce the activity of β-catenin on target cells \[[@CR55], [@CR56]\]. Zhang et al. \[[@CR57]\] reported that human MSC-derived exosomes promote angiogenesis by transducing Wnt4 and activating Wnt/beta-catenin signaling in endothelial cells to repair deep second-degree burn skin injury. In our study, we found that after irradiation, exosome-treated BM-MSCs exhibited increased β-catenin expression compared with those treated with irradiation alone, as determined by RT-PCR, Western blot, and immunofluorescence. Consistently, we also found such differences in vivo. This finding indicates that BM-MSC-derived exosomes could activate Wnt/β-catenin signaling to restore the differentiation potential of irradiated BM-MSCs.

Conclusions {#Sec26}
===========

We first identified that BM-MSC-derived exosomes alleviate radiation-induced bone loss in a rat model. The effects might be attributed to the functional recovery of recipient BM-MSCs, which is achieved by alleviating DNA and oxidative stress damage, rescuing proliferation inhibition, reducing cell senescence, and restoring the balance between adipogenic and osteogenic differentiation of irradiated BM-MSCs through Wnt/β-catenin signaling. Our findings suggest that BM-MSC-derived exosomes may be a promising cell-free therapeutic approach for the treatment of radiation-induced bone loss.
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Additional file 1:**Figure S1.** Rat left tibiae were irradiated by using Co60 at a rate of 0.56 Gy/min. The remaining rat body parts were blocked by using lead bricks. (JPG 190 kb) Additional file 2:**Figure S2.** Flow cytometry analyses of stem cell negative surface markers CD34 and CD45 (Santa Cruz, CA, USA) and positive markers CD29, CD44, and CD90 (Biolegend Inc., San Diego, USA). (A) P0 BM-MSCs were cultured for 3 or 5 days (stained with crystal violet) and subcultured to P1. (B) Alcian blue staining of chondrified micromass after chondrogenic induction for 21 days. Alizarin red S staining and Oil O staining of BM-MSCs after osteogenic or adipogenic induction for 14 days or 15 days. (JPG 1203 kb)
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